Microforce sensors made of PT/PZT/PT thin films were designed in the micro-Newton range. The PT/PZT/PT thin films were deposited on the Pt/Ti/SiO 2 /Si substrate by the sol-gel process. Structure and the crystallinity of the deposited films were characterized. The sensing properties of the microforce sensors were measured in static state and in quasi-static state. The sensitivities of the microforce sensors with two different sizes were 0.004 and 0.040 mVµN −1 in the quasi-static state.
Introduction
Pb(Zr, Ti)O 3 (PZT) thin films have been extensively studied due to their interesting ferroelectric, piezoelectric and pyroelectric properties. The structure of the thin films and in particular their preferred orientation will affect the materials properties and/or operation of the thin film devices [1] . Piezoelectric thin film materials and silicon technology have been used in ultrasonic micromotors [2] , force sensors for scanning force microscopy [3] , accelerometers [4, 5] and cantilever actuators [6, 7] .
To obtain PZT thin films, a variety of thin film techniques including sputtering, laser deposition, sol-gel and metalorganic-chemical vapor deposition (MOCVD) have been developed. The sol-gel method is well suited for the preparation of thin layer ceramics because it offers several advantages, such as simplicity of the process, low cost and easy composition control [8] . However, phase development of PZT thin films is difficult due to the volatile PbO component which results in the low dielectric pyrochlore phase under lead deficient conditions. To overcome the above mentioned factors, a buffer layer between bottom electrode and PZT film is introduced to enhance the phase formation. Some reports on the buffer layer effects have been reported. Kwok and Desu [9] proposed an improved sol-gel process, by adding the PT buffer layer between the PZT thin films and substrate, which could offer nucleation sites to reduce the activation energy for the crystallization of PZT thin films. The crystallographic orientation is a key factor to affect the electric properties of the PZT thin films which affect the sensing property of the PZT microforce sensors. Ren et al [10] proposed a lead titanate (PT)/PZT/PT sandwich structure which has good dielectric and ferroelectric properties. Hidekazu et al [11] reported that a PT buffer layer of 20-40 Å thickness enhances the ferroelectric properties and homogeneous microstructure.
In this paper, we fabricated microforce sensors using PT/PZT/PT thin films and MEMS technology. The driving system and the testing system have been set up. The sensing properties of the microforce sensors have been measured in both static state and quasi static state. were used as the solvent and the chemical modifier. The Zr/Ti ratio was 53/47, 10% excess of lead was added to the precursor solutions to compensate for the loss of lead during the final annealing process. Figure 1 shows the flow diagram of the PT/PZT/PT thin films deposition technique based on the sol-gel process.
Experimental

Deposition of PT/PZT/PT thin films
A PT buffer layer with thickness of 20 nm was coated and pyrolyzed before the PZT thin film stacking. The PZT thin films were deposited on the PT/Pt/Ti/SiO 2 /Si substrate by spin-coating at 4000 rpm for 30 s. Then the PZT films were preheated at 150
• C for 5 min, pyrolyzed at 350
• C for 5 min and crystallized at 600
• C for 10 min. The PZT films were deposited for 10 cycles to obtain a thickness of 0.68 µm. Finally, another PT buffer layer was deposited and pyrolyzed on the PZT films.
X-ray diffraction (XRD) technique was used to measure structures and the crystallinity of the deposited films. Atomic force microscope (AFM) and scanning electric microscope (SEM) were used to characterize the surface morphology of the thin films and the structures of the microcantilevers.
Fabrication of microcantilevers with PT/PZT/PT thin films
The fabrication procedure of the microforce sensors with the PT/PZT/PT thin films is shown in figure 2 . A 1.5 in. diameter (100) n-type, double-side-polished silicon wafer (thickness of 220 µm) was used as substrate. A 0.9 µm silicon dioxide was grown on both sides of the wafer to serve as a mask layer for back-side silicon etching. The back-side silicon dioxide layer was patterned by wet etching to define the windows of silicon cavities. The front-side silicon dioxide layer was patterned to make front-side windows that would be used to free the microcantilevers. A Pt/Ti (150 nm/50 nm) bottom electrode was deposited by RF magnetron sputtering system and wet etched using aqua-regia. The PT/PZT/PT thin films were deposited by sol-gel process. The Pt/Ti (150 nm/50 nm) top electrode was deposited and patterned by the lift-off technology. The baked PZT thin films (total thickness of 260 nm) without post-annealing were deposited for electrical isolation. The PT/PZT/PT thin films were patterned to make contact holes and front-side windows using HF : HCl : DIH 2 O (1 : 30 : 70) for about 2 min. An Al layer (thickness of 340 nm) was deposited by sputtering process and patterned using the lift-off process to form the bonding pads. An ICP process was used to dry etch the back-side silicon to define the thickness of the microcantilevers and the front-side windows to free the microcantilevers.
The SEM (JSM-6360LV, JEOL, Japan) micrograph of the microcantilevers A and B is shown in figure 3 . Size A is 1000 µm in length and 200 µm in width, size B is 500 µm in length and 100 µm in width. 
Results and discussion
Characterization of thin films
The XRD (XRD-6000, Shimadzu, Japan) pattern of the PZT and the PT/PZT/PT thin films is shown in figure 4, which were prepared by the one-coating-layer-annealed method [12] . The pyrochlore phase has been found in the PZT thin films, but the pure perovskite phase has been found in PT/PZT/PT thin films under the same annealing temperature. Namely, the phase formation in the PZT films is influenced by the PT buffer layer which significantly enhanced the perovskite formation. The AFM (CSPM4000) images of the PZT thin films and the PT/PZT/PT thin films are shown in figure 5 . The PZT thin films and the PT/PZT/PT thin films have the grain size of 11.59 and 20.01 nm, respectively. The roughness (S a ) of the thin films is 0.99 and 6.9 nm, respectively. The AFM analysis results show that PT/PZT/PT thin films are quite smooth and dense.
Measurement of sensing properties of the microforce sensors
The measurement set-up included the driving system and the testing system. The driving system was combined with a XYZ micropositioner (TSMW13-XYZ-1A(L)), a bimorph probe and a frequency synthesizer (HPV-1C0150A0300D). An electronic balance (AG245, Germany) served as the testing equipment in static state. A charge amplifier (YE5850) and a lock-in amplifier (SR830, USA) served as the testing equipment in quasi-static state. In order to minimize the error caused by the temperature and vibration, whole experiments were made on the vibration damping table in the clean room.
The bimorph probe was calibrated before the experiments, the relationship between the displacement of bimorph probe and applied dc voltage was 0.522 µm V −1 . One end of the bimorph probe was fixed to the XYZ micropositioner, when the bimorph probe was statically driven by a dc voltage (resolution of 5 mV), an actuation force from the bimorph probe was loaded on the free end of the microforce sensors. The probing force was determined by the electronic balance (resolution of 0.1 µN), the spring constant of the microforce sensors was calculated by Hooke's law as
where F is the force; d is the displacement; k is the spring constant. For the experimental system, the bimorph probe was considered rigid relative to the microforce sensors. The result in static state was shown in figure 6 , the microforce sensors A and B obtained spring constants of 11 and 74 N m −1 with the deviation of 0.36 and 0.75%, respectively. As seen in figure 6 , the curves show very good linear behavior in static state, which shows good sign for the measurement in quasistatic state. The principle of the testing system in quasi-static state is based on Smits modes [13] as
where K = 4s
Q is the charge produced by the PZT thin film; F is the vertical force received by the PZT microcantilever free end; s Si 11 and s P 11 are the coefficients of flexibility of Si and the PZT thin film, respectively; h Si and h P are the thickness of Si and the PZT thin film respectively; L is the length of the PZT thin film; d 31 is the piezoelectric coefficient of the PZT thin film. The SiO 2 layer and the electrode layer are much thinner than silicon substrate so that they are ignored. Though the PT/PZT/PT thin films are also thin, they are used as piezoelectric layer which can produce the charge.
The charge measurements (80 Hz) were made with the charge amplifier, and gained with the lock-in amplifier.
The result was shown in figure 7 , the PT/PZT/PT microforce sensors A and B obtained the sensitivities of 0.040 and 0.004 mVµN −1 with resolution of 28 and 19 µN, respectively, both microforce sensors obtained very good linearity behavior. The sensitivity of microforce sensor A is higher than the microforce sensor B, but the resolution is in opposite way.
Conclusions
The PT/PZT/PT thin films were fabricated by the sol-gel process. The PT buffer layer is required to effectively enhance the perovskite formation of the PZT films. Good linearity of force and deflection curves were obtained in static state, good linearity of microforce response was obtained in quasi-static state as well as for the microforce sensors. Combined with the micromachining processes, the PT/PZT/PT thin films were shown to be good candidate materials for developing the application of microforce sensors.
